We report the observation of the well defined oscillation of a picosecond tetrahertz ͑ps THz͒ pulse within a dielectric concentric cylindrical cavity, which is coupled to an incoming focused beam of ps THz pulses by the optical tunneling effect of frustrated total internal reflection. The tunneling barrier is an 18-m-thick air slab, situated between the plane surfaces of a hyperhemicylindrical focusing lens and the cavity. The output of the quasioptic cavity consists of a train of ps THz pulses with a frequency spectrum from 0.1 to 1.0 THz. Good agreement between experiment and theory is obtained in both the time and frequency domains.
We report the observation of the well defined oscillation of a picosecond tetrahertz ͑ps THz͒ pulse within a dielectric concentric cylindrical cavity, which is coupled to an incoming focused beam of ps THz pulses by the optical tunneling effect of frustrated total internal reflection. The tunneling barrier is an 18-m-thick air slab, situated between the plane surfaces of a hyperhemicylindrical focusing lens and the cavity. The output of the quasioptic cavity consists of a train of ps THz pulses with a frequency spectrum from 0.1 to 1.0 THz. Good agreement between experiment and theory is obtained in both the time and frequency domains. The THz frequency range situated between optical and microwave frequencies can utilize either microwave or optical concepts, applications, and combinations. Here, we investigate experimentally and theoretically the periodic oscillation of a freely propagating ps THz pulse injected into a concentric, cylindrical dielectric cavity, which is treated quasioptically in terms of Gaussian beams. For the peak spectral amplitude at 0.5 THz the 5 mm silicon cavity radius is approximately 29 wavelengths in the silicon. This quasioptic situation is in contrast to a previously studied similarly sized, microwave, concentric, cylindrical dielectric cavity with a radius of 7.5 mm and a dielectric constant of 10.8, for which the radius was approximately one-half of the resonant wavelength of 8.04 GHz in the dielectric. 1 In contrast to the direct slot coupling of the microwave case, 1 we employ optical tunneling to couple the quasioptic cavity to an incoming beam of ps THz pulses. Optical tunneling, understood as evanescent coupling, has been widely used in a variety of optical applications such as fiber couplers, laser output couplers, chirp mirrors, and photon tunneling microscopes. [2] [3] [4] Compared to the evanescent coupling concepts which give the amplitude coupling, the optical tunneling approach used here gives both amplitude and phase, 8 so that we can calculate the transmission of a well defined short electromagnetic pulse through the tunneling barrier. [5] [6] [7] [8] The cavity system consists of two high-resistivity silicon cylindrical optics, a focusing lens and the cavity itself. An air slab of thickness dϭ18 m between the plane surfaces of these two optics is the tunneling coupler for the beam of sub-ps THz pulses incident onto the boundary at an angle beyond critical angle. The output pulses from the cavity come at the repetition rate of 4.39 GHz with a sequential pulse-to-pulse amplitude ratio of 0.7 of the output pulse train. The frequency band of oscillated THz pulses covers the range from 0.1 to 1.0 THz. This THz cavity is theoretically equivalent to an optical concentric microcavity at correspondingly reduced physical size, thereby connecting this work to that involving optical microcavities with dimensions from fifty to hundreds of optical wavelengths.
9-11 Such a well defined short pulse oscillation has not been observed in an optical microcavity. Because we measure the actual electric field of the circulating THz pulse as a function of cavity roundtrips, we also obtain the corresponding complete spectral characterization ͑amplitude and phase͒ of the evolving circulating pulse. This experimental spectral information enables the comparison of our results with that predicted by the recent analytic results for the complex transmission through and the complex reflection from optical tunneling barriers, 8 obtained by the extension of Snell's law to complex angles beyond the critical angle. Our excellent agreement between experiment and theory in both the frequency and time domains reinforces the conclusion of Ref. 8 , that the transmission through a tunneling barrier is fully causal and not superluminal, as has been previously considered and claimed. 6, 7 In addition, our results demonstrate the feasibility of such THz dielectric cavities and the use of optical tunneling as the high-speed cavity coupler.
The schematic diagram of the experimental setup is presented in Fig. 1͑a͒ . The laser system used in this investigation is an argon-laser pumped, self-mode-locked Ti:sapphire laser capable of generating an 800 mW beam of 100 fs optical pulses with central wavelength at 810 nm. Attenuated and split into two arms, the resulting two 7 mW ultrafast laser beams are focused on both the optoelectronic transmitter and receiver in order to generate and detect THz pulses. The bandwidth of this setup covers the range from ϳ100 GHz to 1.6 THz with a full width at half maximum ͑FWHM͒ of 0.6 THz. The THz beam emitted by the transmitter is collimated by the hyperhemispherical silicon lens and the parabolic mirror to a 1/e amplitude waist radius of 8 mm at 0.5 THz. A 4-mm-wide slit is inserted into the THz beam path to define the beam entering the cavity. An uncoated pellicle beamsplitter, placed between the slit and the THz cavity, transmits the incoming THz beam to the cavity and reflects the output THz pulse train from the cavity to the receiver. Similar to the standard THz time-domain spectroscopy ͑THz-TDS͒ setup, 12 the sample, in this case the cavity, is positioned at the THz beam waist to ensure optimum beam quality at the coupling interface. Consisting of a hyperhemicylindrical focusing lens C 1 and a concentric hemicylindrical cavity C 2 , the radial profile of the complete cavity system is shown in Fig. 1͑b͒ . Both cylindrical optics are made of high-resistivity silicon, which has nearly negligible absorption and index variation across our THz frequency range. 12 In this setup, n 1 ϭn 2 ϭ3.412, and n 0 ϭ1. The radii of curvature of the cylindrical optics C 1 and C 2 are 10 and 5 mm, and their centers of curvature are located at O 1 and O 2 , respectively; hϭ13 mm for lens C 1 . The lengths of C 1 and C 2 are l 1 ϭ20 mm and l 2 ϭ10 mm, respectively. Thus, when the THz beam is incident from A aligned along a radius into lens C 1 at an angle 1 ϭ43.5°, the focal line is located at B on the flat exit surface of C 1 . The cavity C 2 is placed with O 2 coinciding with B on lens C 1 when these two optics are in contact. The resolution for the alignment of rotation and separation between the two plane surfaces of C 1 and C 2 are 0.1°and 1 m, respectively. Translating C 2 along the direction normal to its plane surface, a homogeneous air gap ͑the tunneling barrier͒, sandwiched between two denser media, is formed.
In our cavity, the THz pulses enter the air interface from focal area B at the angle 1 ϭ43.5°which is much greater than the critical angle c ϭ17.04°. The transmitted beam of THz pulses is coupled through the air slab into the cavity C 2 by optical tunneling, while the beam reflected by the air slab goes in the direction indicated by the dashed line.
As shown in Fig. 1͑b͒ , the incoupled THz pulse oscillates in the hemicylinder C 2 that acts as a concentric cavity, [13] [14] [15] in which D and G are the end mirrors connected by the partially reflecting air interface, which is also the output coupler. The THz pulses oscillating in cavity C 2 are P polarized with the electric vector lying in the plane of incidence. The cylindrical surface of cavity C 2 is coated with an aluminum layer with the reflectivity of ϳ100% for THz radiation. Completely reflected by D, the oscillating pulse is divided into two pulses by the air slab. The pulse transmitted through the air slab is designated as cavity pulse number 1 and propagates along BA, opposite the incident path. The pulse reflected by the air slab at O 2 propagates a roundtrip in the cavity along the track of O 2 G→GO 2 D→DO 2 and then is partly coupled out by the air slab to be the cavity pulse number 2. The reflected pulse keeps oscillating in the cavity, repeating the above-mentioned track, so that an output cavity THz pulse train with the pulse repetition rate of 4.39 GHz is generated. It is noted that a similar pulse train is emitted in the direction of the dashed line but is trapped in C 1 .
The reference THz pulse E 0 is obtained by reducing the thickness of the air slab to zero, dϭ0. Figures 2͑a͒ and 2͑b͒ illustrate this reference pulse and the corresponding amplitude spectrum. The individual THz pulses of the cavity pulse train are shown as the open circles in Fig. 3͑a͒ . The cavity pulses are separated by 228 ps, corresponding to the pulse repetition rate of 4.39 GHz. The average pulse-pulse amplitude attenuation arising from the action of the optical tunneling is ϳ30% corresponding to the 1/e, amplitude cavity life time of 0.65 ns. No apparent pulse broadening, due to propagating through the minimally dispersive silicon medium in the cavity is observed. The amplitude spectra of the cavity THz pulses are obtained from a numerical Fourier transform of the time domain data and are shown as open circles in Fig.  3͑b͒ . Comparing the amplitude spectra of cavity pulse 1 to pulse 5, there is an obvious attenuation of low frequency components due to the multiple reflections of the pulses by the air slab, whose frequency dependent complex reflectivity is shown in Fig. 4 .
We now compare these experimental results with those calculated by linear dispersion theory, where d is the only adjustable parameter. Given the frequency dependent com- plex amplitude E 0 () of the reference THz pulse and assuming the same path in the cavity for all the frequency components, the complex fields of the cavity pulses E j () are determined by
where jϭ1, 2, 3, ... and t ot ϭt 10 t 02 e i␤ /(1ϩr 10 r 02 e 2i␤ ), and r ot ϭ(r 10 ϩr 02 e 2i␤ )/(1ϩr 10 r 02 e 2i␤ ), are the transmission and reflection coefficients, respectively, of the optical tunneling; 8,16 t 10 , t 02 , r 10 , and r 02 are the Fresnel coefficients ͑see Eqs. 1.6.55-58 of Ref. 16͒ for the transmission and reflection at the boundaries of n 1 Ϫn 0 and n 0 Ϫn 2 , respectively. ␤ϭn 0 k 0 d cos 0 is the phase delay associated with multiple reflections inside the air slab, with k 0 the wave vector in free space. 0 is the complex refractive angle at the air interface, which is still determined from Snell's law, n 0 sin 0 ϭn 1 sin 1 , even though the incidence angle 1 is beyond the critical angle.
8 r al ϭϪ1 is the reflection coefficient of the aluminum coating on the cavity C 2 . The complex transmission t ot and reflection r ot coefficients of the tunneling for the 18-m-thick air slab are plotted in Fig. 4 , which is similar to the H() function of Ref. 8 . Comparison of the calculated amplitude spectra with that of the measured cavity THz pulses in Fig. 3͑b͒ indicates good agreement with theory for all pulses, and thereby has provided a relatively stringent test of t ot and especially r ot due to the multiple reflections. The calculated cavity pulses are given by the inverse Fourier transform of the calculated complex amplitude spectra E j () and as shown in Fig. 3͑a͒ compare favorably with the experimental results.
In conclusion we have shown experimentally and theoretically that the quasioptic oscillation of a ps THz pulse injected into a cylindrical concentric dielectric cavity maintains a well-defined short pulse identity for more than five cavity roundtrips. The evolving cavity pulse shapes are determined by the complex transmission and reflection coefficients of the optical tunneling gap used to couple into and out of the cavity. The excellent agreement between theory and experiment verifies the recently obtained understanding of the causal transmission of a short electromagnetic pulse through an optical tunneling barrier. 
